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Abstract

A high-rate particle identification device for high-energy heavy ions has been developed which utilizes a stacked

configuration of grid-less parallel plate gas ionization chambers with thin anode–cathode gaps. The high-rate capability

of this chamber was realized by adopting bipolar shaping of anode signals and by the suitable choice of a counter gas.

Z-resolutions of 0.2–0.3 were obtained for nuclear fragments of 40Ar at 95AMeV with an intensity as high as 106 cps:
r 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Recently, radioactive isotope (RI) beams have
become important probes in nuclear experiments.
High-energy RI beams are usually produced as
secondary beams by magnetically separating pro-
jectile fragments from high-energy heavy ion
reactions using a fragment separator, as at
RIKEN and GSI. In such cases, the RI beams
contain many different types of isotopic elements.
d.
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When we use the RI beams in the secondary
reactions, it is imperative, therefore, to identify the
atomic numbers and mass numbers of the indivi-
dual particles of the beams. A combination of the
energy loss measurement of beam particles using a
DE-detector and the velocity measurement using a
time-of-flight (TOF) detector is usually employed
for this particle identification. Here we describe the
development of a DE-detector that can be used for
such beam monitoring. A suitable DE-detector
needs to have good energy resolution, high
counting rate capability and robustness against
beam bombardment. Semiconductor detectors can
be used because of their good energy resolution,
but they have several drawbacks: they deteriorate
rather rapidly under beam bombardment, espe-
cially under that of high-intensity heavy ions, and
it is difficult to obtain large-scale detectors, e.g.,
detectors larger than 100 cm2 that can cover the
entire beam profile. Unlike semiconductor detec-
tors, gas ionization chambers are extremely stable
under beam bombardment if equipped with gas
flow systems. Also, they can provide energy
resolution which is as good as that of semicon-
ductor detectors, and large-scale detectors are easy
to fabricate. But, normally they are not fast
enough to resolve the signals of individual beam
particles at high intensities, e.g., above 100 kcps.
We attempted to extend the high-rate capability of
the gas ionization chamber to a region above
100 kcps by employing a stacked configuration of
thin grid-less gas ionization chambers.

Gridded gas ionization chambers are usually
employed for DE-measurement instead of grid-less
gas ionization chambers, because grid-less ioniza-
tion chambers suffer from extremely slow positive
ion movement and normally have position-depen-
dent pulse shapes, making it difficult to determine
DE-values within short intervals. A high-rate
chamber has already been developed at GSI [1]
using a gridded gas ionization chamber. However,
in the normal usage of gridded ionization cham-
bers, anode pulses have various delay times which
depend on the distance of the particle tracks from
the grid plane because incident particles run
parallel to the grid plane. The spread of these
delay times hampers the high-rate operation of
gridded ionization chambers, especially in the case
of large volumes, and also hampers the employ-
ment of output signals for event characterization.
We developed a multilayer grid-less gas ionization
chamber that is free of the delay time, slow
positive ion effect and position dependence of the
anode signals.
2. Construction and operation of the tilted electrode

gas ionization chamber

Fig. 1 shows a cross-sectional view of our grid-
less gas ionization chamber. Its structure is very
simple. Twelve anode planes and thirteen cathode
planes are alternately placed in 20-mm steps. A
total of 24 parallel plate ionization chambers are
stacked together back to back, which results in a
48-cm-thick chamber.
The anode and cathode planes are made of thin

conductive foils (4-mm-thick mylar aluminized on
both sides). Incident particles pass through all of
the electrode foils. In order to avoid the recombi-
nation of electrons and positive ions liberated
from the gas along the particle trajectories, the
electrode planes are tilted 30� toward the center
axis, as shown in Fig. 1. By tilting the electrodes,
the liberated electrons and positive ions drift away
from the original particle trajectories in opposite
directions of each other. Then, they have little
chance to collide with each other and recombine.
Hereafter, we refer to this ionization chamber as a
tilted electrode gas ionization chamber (TEGIC).
The anode and cathode foils are glued on
aluminum rings, the inner diameter of which is
116 mm. These foils are stretched tightly by
applying the appropriate tension, using subsidiary
rings to avoid the distortion due to the electro-
static force when high voltage is applied to the
anodes. The whole assembly of the electrodes is
housed in an aluminum vessel. Kapton sheets (50-
mm thick) are attached to the entrance and exit
windows. In order to reduce the number of output
connectors, pairs of anode electrodes are con-
nected together electrically inside the chamber,
and hence the summed anode signals of each set of
four ionization chamber units are taken out
through six separate feedthroughs. Also, all the
cathode planes are connected together and
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Fig. 1. Cross-sectional view of the tilted electrode gas ionization chamber (TEGIC).
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grounded. These electrical connections are illu-
strated in Fig. 1.

The operation of the TEGIC as a high-rate DE-
counter is as follows. When an incident particle
passes through the chamber, anode potentials
begin to drop in accordance with the drift of
electrons and positive ions liberated along the
particle trajectory. These drops continue until all
the electrons and positive ions reach the anodes
and cathodes, respectively. The potential drop of
one anode finally reaches a value equal to the sum
of the electron and positive ion charges liberated
on both sides of the anode divided by twice the
anode capacity. It is thus proportional to the
energy loss, and so we can use the TEGIC as a DE-
detector. The starting time of each potential drop
occurs without delay after the time of the particle
transit, regardless of where the particle has passed.
This enables the adoption of anode signals in event
identification. However, the slow positive ion
effect must be removed for high-rate operation
of this chamber. Typically, the time for the
positive ion drift is of the order of 1ms, whereas
the time for the electron drift is less than several
100 ns. In the TEGIC, electrons and positive ions
have an equal potential drop. Only the electron
part of the anode pulse is sufficient to obtain DE

information, and so the positive ion part can be
completely disregarded. After amplifying the
anode signals using a conventional charge-sensi-
tive preamplifier, the output pulse shapes are
simply proportional to the anode potential drops.
The slow positive ion part can be filtered to some
extent using a spectroscopy amplifier with ordin-
ary unipolar shaping. But, it is difficult to filter out
the positive ion part completely. Excessive baseline
fluctuation of the amplifier output occurs due to
the pileup of residual positive ion tails even at the
low counting rate of 100 cps. We found that
complete filtering of positive on tails is possible
by adopting bipolar shaping of the spectroscopy
amplifier. Bipolar shaping restores the baseline of
the spectroscopy amplifier extremely well and
facilitates high counting rate operation of the
TEGIC.
3. Experimental setup and procedure

A test experiment of the TEGIC was performed
at the RIKEN Ring Cyclotron facility. The
TEGIC was located on the secondary beam line
E1C and was tested using secondary beams
produced by nuclear fragmentations of 56Fe and
40Ar primary beams at 90AMeV and 95AMeV,
respectively. The TEGIC was first evacuated down
to vacuum using a rotary pump, and then filled
with counter gas using a gas flow system. The
counter gas was continuously flowed at a rate of
about 1 l/h. A gas mixture of Ar–CH4 (90%, 10%;
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Fig. 2. Two-dimensional scatter plot of DE vs. TOF for the

secondary beam produced by nuclear fragmentation of 56Fe at

90AMeV.
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purity 499:99%) was mainly used as the counter
gas. The performance of Ar–CF4 gas (90%, 10%;
purity 499:99%) was also studied in the high-rate
experiment. The gas pressure was adjusted to
740Torr throughout the experiment and was
regulated within a variation of 1Torr using the
gas flow system. The anode voltage was set at
þ500V for the Ar–CH4 gas and at þ1000V for the
Ar–CF4 gas to ensure that the drift velocity of
electrons reached the maximum value for each gas
[2].

The anode signals taken from the six feed-
throughs of the TEGIC were separately amplified
using a combination of charge-sensitive preampli-
fiers (Tennelec 171) and spectroscopy amplifiers
(Canberra 2024). As explained in the previous
section, bipolar shaping of the spectroscopy
amplifiers was adopted for pulse shaping. A
minimum selectable time constant of 0:25ms was
used for high counting rate tests. A time constant
of 0:5ms was also tried for low counting rate tests,
but no effective difference in energy resolution was
observed.

The TOF of the nuclear fragments was deter-
mined from the time difference between cyclotron
rf-signals and plastic scintillator timing signals and
was measured using a TDC.

ADC values of the six anode signals of the
TEGIC were measured using a peak-sensitive
ADC. Plastic scintillator energy signals were
measured using a charge-sensitive ADC. The
CAMAC system was used to collect all data.
4. Experimental results

4.1. Particle identification

Fig. 2 shows a typical example of DE vs. TOF
plots for nuclear fragments from 56Fe at 90AMeV
measured at a relatively low secondary beam
intensity of 1.7 kcps. The DE values were deter-
mined simply by summing the ADC values of the
six anode signals of the TEGIC.

Clusters of events can be seen in this figure.
Each cluster represents a particular isotope. The
series of clusters vertically aligned around the TOF
channel of 650 corresponds to nuclides having the
same value of A=Z ¼ 2: It is evident that the DE-
values are dependent on the velocities. In order to
reduce this velocity dependence and obtain particle
identification (PID) signals, we transformed the
raw data using the relationship DE / PID=b;
where b is the fragment velocity. In our semi-
relativistic energy region, the velocity dependence
of DE is simulated simply by b�1 rather than b�2:
Fig. 3 shows the PID spectrum gated on the
nuclear fragments of A=Z ¼ 2: All particles from
Z ¼ 6 up to Z ¼ 27 are clearly resolved. The PID
signals were found to be almost exactly propor-
tional to Z2; as shown in Fig. 4, and are consistent
with the Bethe–Bloch formula for energy loss.

4.2. Z-resolution

Quantitative discussions for the resolving power
of atomic number Z can be expressed in terms of
Z-resolution (DZ) defined by the following equa-
tion:

DZðZÞ ¼
2DPIDðZÞ

PIDðZ þ 1Þ � PIDðZ � 1Þ
(1)

where DPIDðZÞ denotes the FWHM of the PID
spectrum for atomic number Z, and PIDðZÞ



ARTICLE IN PRESS

1200

1000

800

600

400

200

0

PI
D

 (
ch

an
ne

l)

302520151050

Z

 PID = 1.23·Z 
2.03

+1.75

Fig. 4. PID vs. Z relationship for A=Z ¼ 2 nuclides. A solid

curve is the best fit to the PID and indicates that the PID is

proportional to Z2:03: The errors of the PID channels are less

than the marker size.

0.5

0.4

0.3

0.2

0.1

0.0

∆Z

30252015105

Z

 85  kcps
 1.7 kcps 

Fig. 5. Z-resolution vs. Z relationship obtained for A=Z ¼ 2

nuclear fragments of 56Fe at 90AMeV. The data at two

different counting rates, 1.7 kcps and 85 kcps, are compared.

1

10

100

C
ou

nt
s 

(c
ou

nt
/c

ha
nn

el
)

10008006004002000
Particle ID (channel)

Fig. 3. PID spectrum for A=Z ¼ 2 nuclides produced by the

fragmentation of 56Fe at 90AMeV. Particles from Z ¼ 6 up to

Z ¼ 27 are observed.
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denotes the channel number of this spectrum. The
results of these calculations for two different
counting rates, 1.7 and 85 kcps, of the secondary
beam are shown in Fig. 5. Although the data
scatter widely, the values of DZ for small Z

(Zp14) seem to be constant around the value of
0.22, but above this they increase with Z. Within
the region of Zp26; the DZ’s remain at less than
0.35 and unambiguous identification of the atomic
number is possible.
A slight counting rate dependence of DZ was

also observed. At the counting rate of 85 kcps, the
DZ’s are generally worse than those at 1.7 kcps as
shown in Fig. 5.
Since total energy loss in the TEGIC is divided

into six anode signals, we can obtain energy loss
data at every 8 cm of gas thickness. The depen-
dence of DZ on gas thickness can readily be
determined by summing the anode signals on
successively different numbers of these six anode
signals and transforming them into PID signals.
Fig. 6 shows the results of this analysis for Z ¼ 14
and Z ¼ 18: The horizontal axis is scaled in t�1=2;
where t denotes the effective length of gas in
centimeter. In this figure nine data points instead
of six are shown for each Z. The additional three
points to the far left were measured by connecting
a small TEGIC to the present TEGIC in tandem.
The small TEGIC has three anode outputs, each
carrying energy loss signals corresponding to 8 cm
of gas thickness.
The solid and dotted lines in Fig. 6 show the

best fit to the two data groups of Z ¼ 14 and Z ¼

18; respectively. It is clear that the DZ’s are
linearly dependent on t�1=2 but have some offset
values. Z ¼ 14 data has a small offset of 0.04,
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while Z ¼ 18 data has a larger offset of 0.08. We
determined the offsets for various Z values. As
shown in Fig. 7, the offsets increase fairly steeply
with Z and tend to zero as Z approaches Z ¼ 0:
This is directly related to the increase of DZ with
increasing Z, previously seen in Fig. 5.

Let us briefly consider the origin of these offsets.
If DZ is determined simply by the statistical
fluctuations of energy loss, i.e., the energy strag-
gling of heavy ions within gas, DZ should be
exactly proportional to t�1=2; i.e., 1=

ffiffiffiffiffiffiffi

DE
p

; and has
no offset value because the numerator in Eq. (1)
becomes proportional to

ffiffi

t
p

[3], i.e.,
ffiffiffiffiffiffiffi

DE
p

; while
the denominator is proportional to DE: This also
results in DZ’s which are independent of Z. Such
an ideal situation seems to apply to the light
elements (Zp14) because of the small offset and
the constancy of DZ; seen in Fig. 5. Electronic
noise does not account for the offset because it has
no Z dependence. The charge collection ineffi-
ciency does not seem to be important because DE

shows an extremely good Z2 dependence, as seen
in Fig. 4, and no charge loss appears to occur.

One possible factor affecting the increase of
offsets is the existence of the electrode foils.
Electron ejection from the foils by beam bombard-
ment and absorption of ionized electrons from gas
by the foils should bring about additional fluctua-
tions of the number of electrons within gas. This
contribution becomes more important with in-
creasing the Z of beam particles. The effect of
these foils can be checked by using thinner
electrodes.

4.3. Counting rate dependence

The counting rate dependence of the detector
resolution was measured using the secondary
beam from 40Ar at 95AMeV, which can provide
high fragment intensities. No pileup rejection
circuit was employed but off-line pileup rejection
was performed by taking correlations between two
plastic scintillator energy signals with different
delays: one signal with proper timing to the energy
gate and the other signal with an additional delay.
In a current integration ADC, if two pulses in the
plastic scintillator happen to occur very close in
time (closer than the gate width of the ADC), the
energy signal of the proper timing has a larger
ADC value than the delayed energy signal. Hence,
the event can be rejected as a pileup occurring in
the TEGIC. Pileup events amounted to about 40%
of the total events at a rate of 320 kcps and
increased to about 75% at 1Mcps.
For this measurement, we compared the high-

rate performance of two kinds of counter gas,
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Ar–CH4 (90%, 10%) and Ar–CF4 (90%, 10%).
Fig. 8 shows the observed dependence of DZ for
Z ¼ 14 on the secondary beam intensities. In the
case of Ar–CH4 gas, the values of DZ change very
slightly up to an intensity of about 300 kcps but
above this they increase fairly rapidly.

On the other hand, although the resolution for
Ar–CF4 gas is slightly poorer than Ar–CH4 gas,
Ar–CF4 gas shows a better rate dependence. The
values of DZ are almost constant up to the
maximum beam intensity of 106 cps: The better
rate dependence of Ar–CF4 gas is probably due to
the fact that it has a higher drift velocity of
electrons compared with Ar–CH4 gas; that is, the
drift velocity is twice as large [2] for the electric
field strength of saturation drift velocities, which
we employed in this measurement.
5. Summary

The tilted electrode gas ionization chamber,
which we called the TEGIC, was found to work
stably up to a secondary beam intensity of 106 cps;
produced by nuclear fragmentations of 40Ar at
95AMeV. The high counting rate capability of the
TEGIC, which is essentially a grid-less parallel
plate ionization chamber, was facilitated simply by
making the anode–cathode gap suitably small and
employing bipolar shaping of the spectroscopy
amplifiers. The bipolar shaping served to reject the
slow positive ion effect and restore baseline
fluctuations. The proper gas selection, Ar–CF4

(90%, 10%), was also essential. Z-resolutions of
better than 0.35 were obtained for nuclides of
Zp26 and E 	 90AMeV; and unambiguous
identifications of the atomic number was possible
for these nuclei. However, DZ values show a
tendency to increase with increasing atomic
number probably because of the existence of the
electrode foils. The use of thinner foils than those
used in the present study might improve the
resolution of the TEGIC for heavy nuclei.
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